Abstract
INTRODUCTION
Plants living in temporary ponds must accommodate their life cycles to pond inundation duration (i.e. hydroperiod) (Cherry and Gough 2006; Fernández-Aláez et al. 1999) . Such ponds display two well-differentiated phases: a wet phase, which usually begins following a period of heavy rain, and a dry phase, which usually occurs in summer in our Mediterranean region. During the wet phase, plant assemblages contain aquatic annual species as well as amphibious or terrestrial species that are able to withstand the flood. The singular plant composition of Mediterranean temporary ponds has been described in several studies (Bagella and Caria 2012; De Bélair 2005; Deil 2005; Fraga 2008; Ferchichi-Ben Jamaa et al. 2010; Fernández-Zamudio et al. 2016; Médail 2004; Pinto-Cruz et al. 2009; Rhazi et al. 2009 Rhazi et al. , 2012 Rouissi et al. 2014) . Because these ponds harbor rare and threatened plant species, they have been categorized as a priority habitat by the European Union (NATURA 2000 habitat code 3170).
In temporary wetlands, the dry phase is essentially a disturbance event from which aquatic plants must recover . Temporary pond communities are considered to be resilient because wet-phase community structure can be re-established following the dry phase, largely thanks to long-lived seed banks . Indeed, aquatic plant communities depend primarily on seed germination to recover, as vegetative propagules (i.e. turions or bulbs) are not usually resistant to the long summer dry phase (Casanova and Brock 1990; Grillas et al. 1993) .
In the Mediterranean, pond filling dynamics depend on the amount of rain that accumulates after the summer. However, the characteristic unpredictability of rainfall patterns in Mediterranean ecosystems means that there is large interannual variability with regards to when pond filling begins. Although the dry phase typically occurs during the summer, pond filling can begin in the autumn, winter or early spring, with the wet phase lasting most frequently until summer . Thus, a given pond may display highly variable hydroperiod duration. The latter affects temperature and light conditions during different parts of the wet phase in important ways. For instance, when a pond begins to fill in the autumn, its hydroperiod is longer than when it begins to fill in the winter. Furthermore, autumn filling means water temperature is warmer at first but then becomes colder. Winter filling means water temperature is colder at first but then becomes warmer. Finally, when a pond fills in the spring, water temperature starts warm and remains warm, but the hydroperiod is shorter. The fact that the same pond can experience such interannual variation means that conditions will be different during seed germination, plant growth and plant reproduction.
In this article, we experimentally assessed how filling season affected plants commonly found in Mediterranean temporary ponds in terms of germination, growth and phenology. We exposed pond sediment to simulated pond filling during autumn, winter and spring. We then evaluated differences in plant assemblage composition, seed germination and biomass production.
MATERIALS AND METHODS
We collected sediment from a temporary pond in Doñana National Park, in SW Spain (Supplementary Table 1) . Temporary ponds are common in this area , and their vegetation has been described in detail elsewhere (Fernández-Zamudio et al. 2016) . We gathered dry sediment from the upper soil layer (top 1-10 cm) from different areas of pond basin. We homogenized the sediment and then deposited it into pots (6.5 × 6.5 × 7 cm). We used 39 aquariums, each one (22 × 22 × 37 cm) contained two threepot rows with sediments.
The aquariums were then exposed to different experimental treatments beginning in October 2011. They were placed within a climatic chamber in which environmental temperatures and light conditions mimicked those in the field (Fig. 1) . We programmed temperature in the chamber taking into account the weekly average of air and water temperature variation recorded in the study area. Light was provided by two lamps model OSRAM 58w 21-840 over each aquarium. We filled the aquariums with 17 L of filtered, dechlorinated tap water. Aquariums were randomly assigned to one of three treatments, which differed in the date on which the aquariums were filled with water. Each treatment comprised 13 replicates. In the autumn filling treatment (hereafter autumn treatment), aquariums were filled on 25 October 2011. In the winter filling treatment (hereafter winter treatment), aquariums were on 24 January 2012. Finally, in the spring filling treatment (hereafter spring treatment), aquariums were filled on 27 March 2012.
Once an aquarium was inundated, we monitored it on a weekly basis. We counted the number of seedlings (including spores and their germlings) in the first three-pot row, located at the front of the aquarium. We let the seedlings grow until they could be identified; they were then removed from the aquarium. We followed the botanic nomenclature found in Valdés et al. (1987) and Cirujano (2008) . We counted the total number of seedlings of each plant species that emerged in each aquarium. Some seedlings died before they could be identified, so we distinguished between seedlings that survived to identification and dead seedlings, which were simply classified as either monocots or dicots. We were able to identify most seedlings to species level. All the monocot seedlings that died before they could be identified belonged to the family Poaceae, a taxon commonly found in the pond from which sediments were taken. In the second three-pot row, located at the back of the aquarium, we let the seedlings grow until the end of the experiment, on 4 June 2012. At this time, we harvested all the plants, clipping them at ground level and separating out the different species. For each aquarium, we measured the fresh biomass (±0.01 g) of each dicot species and that of the monocots as a group (because of their small size). Before the measurements were made, any excess water was removed with a manual centrifuge. We also recorded phenological data: presence of flowers, fruits or spores.
We estimated the total number of plant species (i.e. plant richness) per aquarium by counting all the different species observed throughout the experiment: those recorded during the weekly observations, those detected as seedlings that were removed after their identification and those left to grow to assess biomass at the end of the experiment. We also calculated species diversity using species-specific seedling abundance in each aquarium.
Statistical analyses
We calculated Shannon diversity indices using the Vegan package in R (version 3.1; R Development Core Team 2014). To assess treatment-related differences in species richness, we used generalized linear models with a Poisson error distribution and a logit link function. To compare the number of seedlings, a quasipoisson error distribution was used instead (except in the case of Myriophyllum alterniflorum DC and Nitella translucens (personal communication) C. Agardh, for which a Poisson error distribution was a better fit). For species diversity, a Gaussian error distribution was employed. We also conducted Tukey's HSD tests for post hoc comparisons. Plant biomass had a non-normal error distribution, so we used Kruskal-Wallis tests as non-parametric alternative. With the Survival plugin in R-commander (Fox and Carvalho 2012) , we constructed seedling emergences curves for each plant species and compared them among treatments. Then, we used Cox proportional hazards models to assess the effects of the different variables (time post-filling, daily hours of light and environmental temperature) on seedling emergences of the most abundant species during the experiment. For among-treatment comparisons, we only used data for the first 10 weeks following pond filling to have comparable curves (i.e. for similar germination periods).
RESULTS

Plant richness and diversity
Plant species richness did not differ among treatments (χ 2 = −3.120; P = 0.210). There was, on average, between 6.6 and 8.5 species per aquarium; the maximum was 10 species (Table 1) . Some species were very common and appeared in all aquariums in all three treatments, notably: Callitriche brutia Petagna, M. alterniflorum, Juncus heterophyllus Dufour, Elatine macropoda Guss and Poaceae. In contrast, some species were less common, such as Baldellia ranunculoides (L.) Parl. and Ranunculus peltatus Schrank, or were rare, such as Chara connivens Salzm. ex A. Braun, which only grew in autumn treatment (Table 1) . Species diversity differed among treatments (F = 72.386; P < 0.001), with the winter treatment displaying significantly lower values (Tukey post hoc P < 0.05; Table 1 ).
Seedling emergence
A total of 4256 seedlings emerged in the first pot row. There were significant differences among treatments (χ 2 = −63.96; P = 0.005). There were also significant differences in seedling mortality among treatments (χ 2 = 32.58; P < 0.005): a higher proportion of seedlings died in the winter (41.0%) than in autumn (14.3%) and spring (15.0%) treatments ( Fig. 1) . Except for eight dicots in the winter treatment, all the dead seedlings were Poaceae (24.9% of total seedlings).
As for the seedlings that survived to identification, there were 1159 individuals emerged in the autumn treatment, 979 individuals in the winter treatment and 1058 individuals in the spring treatment (Fig. 1) . Juncus heterophyllus, Isolepis fluitans (L.) R. Br. and C. brutia were the most abundant. There were no significant differences in species-specific germination among treatments, except in the case of C. brutia, which was less abundant in the spring treatment, and of I. fluitans, which was much more abundant in the spring treatment (Table 2 ; Fig. 2 ).
The timing of seedling emergence significantly differed among treatments (χ 2 = 122.0; df = 2; P < 0.0005). In all three treatments, the first seedlings appeared the first week after filling, but they did so at a faster rate in the spring treatment. Emergence peaked from the second to the fifth week in the spring treatment; it was highest from the third to the fifth week in the winter treatment and from the fourth to the seventh week in the autumn treatment. After 10 weeks, in both the winter and autumn treatments, seedling emergence continued at very low levels until the end of the experiment (Fig. 1) .
In each treatment, we observed two main periods of emergence. Callitriche brutia, J. heterophyllus and M. alterniflorum appeared during the first. Elatine macropoda, I. fluitans and N. translucens appeared during the second. In the spring treatment, the emergence peaks for all species were closer together; N. translucens and I. fluitans emerged slightly later than the others. In the autumn treatment, seedling mortality was low and emergence continued after the seventh week of the experiment. In the winter treatment, in contrast, seedling mortality was high and was greatest around the time of the second seedling-emergence peak (weeks 7-13). In the spring treatment, the seedlings that died had emerged as early as the second week (Fig. 1 ).
In species with sufficiently large sample sizes, we found significant differences in the timing of emergence, except in the case of N. translucens (Table 3) . Furthermore, except in N. translucens and M. alterniflorum, time to emergence was significantly related to time post-filling; the effects of temperature and daily hours of light were not significant (Table 3) .
Phenology: flower, fruit and spore production
From February onwards in the autumn treatment, we observed flowers and fruits in C. brutia, R. peltatus and E. macropoda, as well as spores in N. translucens. The same group of species produced fruits in the winter treatment, but over a shorter period. In the spring treatment, only C. brutia produced fruits (Fig. 3) . We did not observe flower production by M. alterniflorum in any treatment, which was probably related to the quality of artificial light in the climatic chambers. Figure 2: cumulative number of seedlings in the three pond filling treatments (autumn, winter and spring) over the course of the experiment.
Biomass
Plant biomass significantly differed among treatments (χ 2 = 16.66; df = 2; P < 0.0005), mainly because of the greater amount of biomass in the winter treatment (Fig. 4) . In all three treatments, M. alterniflorum was the predominant biomass producer: it generated more than 65% of the total plant biomass observed across all the treatments and had significantly greatest biomass than the other species within the winter treatment (χ 2 = 9.18; df = 2; P = 0.010). Callitriche brutia had the second highest level of overall biomass. It produced an average of 15% of the total plant biomass across all three treatments, although its biomass levels were similar to those of other species (i.e. E. macropoda and N. translucens) within the autumn treatment (Fig. 4) .
DISCUSSION
Depending on the year, Mediterranean temporary ponds may fill in the autumn, winter or spring, which means there is wide interannual variability in the initial environmental The results of the statistical comparisons among seedling emergences curves (χ 2 and P) are provided. For the model variables, only the significance of the regression coefficients are shown (***P < 0.0005; **P < 0.005; *P < 0.05).
conditions of the wet phase . However, our study has revealed that this variability does not have a major impact on the composition of aquatic plant assemblages. Our three treatments, which simulated pond filling during three different seasons, had similar levels of plant richness with the same species dominating in each treatment. This finding suggests these aquatic plant communities are likely adapted to dealing with the unpredictable conditions found in Mediterranean temporary ponds. Our results contrast with those of other studies, which have found major differences in species composition related to filling season. In temporary wetlands in Australia, Warwick and Brock (2003) found species richness was higher when inundation occurred in summer than in the autumn. In California vernal pools, the composition of their plant communities was sensitive to differences in the timing of first rain, revealing the influence of temperature on this system (Bliss and Zedler 1997) . The difference between our study and those cited above could be related to the number of plant biotypes taken into account; those communities included not only aquatic species, which were predominant in our study, but also terrestrial generalists that are less dependent on inundation for germination (Bliss and Zedler 1997) .
In our experiment, we observed all the common aquatic species that occur in the pond from which the sediment was collected. The longer hydroperiod associated with the autumn treatment allowed a larger number of seeds of different species to germinate, thus favoring higher species diversity.
One species was observed exclusively in the autumn treatment-Chara connivens-suggesting that it may require longer inundation times than other species to germinate. In a previous study, charophyte species were found to germinate at low levels in Doñana marshes, even though its oospores were common in the seed bank (Grillas et al. 1993) .
Time after filling was the main factor that triggered seedling emergence in our temporary ponds. The plants' rapid response to inundation represents a strategy: plants can thus synchronize their annual life cycles with the unpredictable timing of the wet phase of temporary ponds, thus allowing them to make the most of the growing season. Consequently, from the beginning of the wet phase, temporary ponds acquire a complex structure of macrophytes that provide food and refuge for associated aquatic fauna (Arribas et al. 2015; Díaz-Paniagua 1987; Nilsson 1996; Williams 2006) .
Mediterranean temporary ponds commonly experience severe summer droughts, and the resulting long desiccation periods and high temperatures are often fatal to vegetative propagules; indeed, aquatic plant communities depend on their seed banks to re-establish themselves (Aponte et al. 2010; Brock et al. 2003; Grillas et al. 1993) . Seeds of aquatic plants may last for very long periods of time (Deil 2005) , and several studies have demonstrated that seed banks are not depleted in successive inundation periods, making ponds resilient to the environmental fluctuations (Brock and Rogers 1998; Brock et al. 2003; Bonis et al. 1995) that are common in such temporary habitats. Seeds go dormant to survive over the long term but then require exposure to certain conditions to break out of that state and germinate (Carta 2016) . Pond desiccation is one of the most important mediating factors (Bonis et al. 1995; Baskin and Baskin 1998; Cronk and Fenessy 2001) . Thus, when dormancy is disrupted during a dry summer, seeds are ready to germinate at the beginning of the next wet phase (Baskin and Baskin 1998; Carta 2016) .
In Mediterranean temporary ponds, seed germination mostly depends on cool temperatures (<15 °C) (Carta 2016) . However, temperatures below this optimum range are common in Doñana ponds when they are flooded in the autumn or winter. Yet aquatic plant seeds nonetheless start to germinate. Overall, in our experiment, seedlings emerged over the full range of available temperatures, including values below 15 °C. The ability of these species to germinate at below-optimum temperatures is an important factor that favors their synchronization with the wet phase of temporary ponds. For several species, seedling number did not differ among treatments, suggesting that temperature did not constrain seed germination. However, it may have some influence on the length of the germination period, accelerating seedling emergence in years of spring filling or slightly delaying it in years of autumn filling, during the period when daily temperatures are decreasing.
We observed a second major germination peak in the winter treatment, which coincided with monocot seedling mortality. The seedlings came from the seeds of the terrestrial monocots that usually colonize the dry basin of the pond from which the sediment had been taken. Aquatic, terrestrial and amphibious plants may be found within the basin of Mediterranean temporary ponds (see e.g. Fernández-Zamudio et al. 2016; Pinto-Cruz et al. 2009) , and species composition may differ among years based on pond inundation and desiccation regimes (Brock and Rogers 1998; Warwick and Brock 2003) . Based on the results of our study, the proportion of terrestrial species should be greater in years with spring filling and shorter hydroperiods, while the proportion of aquatic species should be greater in years with autumn or winter filling and longer hydroperiods. When inundation conditions persist, terrestrial seedlings die. However, they can survive in dry years or in years when pond desiccation occurs in the early spring. Therefore, if terrestrial seedlings emerge at the end of the wet phase, ponds may be invaded by terrestrials, as we have observed during dry periods in the basins of many temporary ponds in our study area.
Different species made varying contributions to total plant biomass across the three treatments. The group of species with the greatest numbers of seedlings (J. heterophyllus, I. fluitans and C. brutia) did not include the largest producer of biomass. Myriophyllum alterniflorum-which had low levels of seedling emergence. In nature, M. alterniflorum forms thick mats within ponds. The rapid and great increase in I. fluitans seedlings in the spring treatment suggests that this species is able to survive in the ponds when they are close to drying up and may even reproduce during the dry phase. This species appears as an aquatic plant in temporary ponds of our study area (Fernández-Zamudio et al. 2016) , but it has also been classified as an amphibious (Pinto-Cruz et al. 2009 ) or occasionally terrestrial (Cirujano et al. 2014) .
The winter treatment had the lowest seedling survival but the greatest plant biomass production, probably because temperatures were increasing during the wet phase, favoring plant growth. In the autumn treatment, plants had 2-3 months longer to grow, but temperatures were initially decreasing and thus unfavorable to rapid growth. Although M. alterniflorum also predominated in this treatment, other species increased their contribution to the total biomass in relation to the other treatments, namely N. translucens and E. macropoda. It is likely that, during the colder initial growth conditions, M. alterniflorum could not exert competitive pressure on the other species, which allowed them to produce more biomass than they could in the other treatments. Although the autumn treatment had a longer hydroperiod, and thus growth period, than did the winter treatment, its biomass levels were lower. This pattern could be explained by the death or deterioration of older plants. We harvested plants simultaneously across all the treatments, and it is possible that this moment did not coincide with the peak of plant production in the autumn treatment. Therefore, we cannot exclude the possibility that, at other times during the experiment, plant biomass in the autumn treatment was similar or even higher than that in the winter treatment. However, the fact that biomass was the lowest in the spring treatment is clearly related to the shorter growth period.
Pond filling season also influenced species phenology. Clearly, the most notable advantage of the autumn filling was that most species were able to generate a greater number of propagules: earlier germination meant more time was available for propagule production. In contrast, only one species (C. brutia) produced fruits in the spring treatment, suggesting that aquatic plants make limited contributions to the seed bank in years when inundation is delayed and hydroperiods are short. A succession of years in which hydroperiods are short may have severe consequences for the conservation of plant richness in temporary ponds. Seedlings emerge, depleting the seed bank, but there is little to no seed production. In addition, during these short cycles, more terrestrial monocots emerge and survive, covering the pond basin if it dries out. Although aquatic seed banks can persist for long periods of time (Deil 2005) , are not depleted by the annual germination, and can produce plants for several successive years without being replenished (Brock and Rogers 1998; Bonis et al. 1995) , its capacity to restore aquatic communities could be reduced if the frequency of dry years or short-hydroperiod years increases.
It is common for Mediterranean habitats to experience an alternation of wet and dry years; such dynamics are normal dynamics for Mediterranean temporary ponds. However, natural conditions may be altered by different causes, such as global climate change or human exploitation of water resources. Some alterations in the natural dynamics of our study area have been observed: there is greater pond desiccation and hydroperiods are shortening (Díaz-Paniagua and Aragonés 2015; Gómez-Rodríguez et al. 2010; Serrano and Zunzunegui 2008) . The water table is thus deeper, which means rainfall levels must be higher for ponds to fill, increasing the likelihood that they will be filled later rather than earlier. With regards to aquatic plant species, our study suggested that an increase in the frequency of dry years, as well as of years in which ponds fill late and thus have shorter hydroperiods, may be detrimental for the conservation of pond vegetation, resulting in limited replenishment of the seed bank and favoring pond colonization by terrestrial species. Doñana Ponds form a natural network of aquatic habitats, with a rich and diverse plant community that includes rare, threatened and endangered species (Fernández-Zamudio et al. 2016) . To promote their conservation, it will be important to reduce the exploitation of aquatic resources and thus preserve the natural dynamics of pond inundation and desiccation cycles.
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